A major triumph of 21st century condensed matter theory is the description of the anomalous Hall effect (AHE) 1 of itinerant magnetic materials in terms of the Berry phase of the quasiparticles on the Fermi surface. [2] [3] [4] [5] [6] For example, sign changes in the Hall effect of itinerant ferromagnets can be explained with the proximity of the Fermi level to magnetic monopoles in momentum space (band crossings or Weyl points), which act as sources/drains of the Berry curvature. 7, 8 The Berry phase interpretation also elegantly explains recently discovered, strong AHEs in antiferromagnets. [9] [10] [11] In addition, chiral spin structures can cause a second, distinct contribution to the Hall resistance, the topological Hall effect (THE), which is due to the real space magnetic texture. [12] [13] [14] [15] [16] [17] Unlike the AHE, the THE does not require spin-orbit coupling. 18 The topological picture of these Hall effects presents a powerful experimental tool to study interactions between electronic and spin structures, a question that is central to many unusual phenomena in quantum materials.
A particularly interesting system for such studies is doped EuTiO 3 , an itinerant magnet whose carrier density and thus the Fermi level can be tuned over a wide range by chemical doping with trivalent rare earth ions. Stoichiometric EuTiO 3 is a G-type antiferromagnet with spins ordering on the Eu sites [4f 7 (S = 7/2)] at the Néel temperature (T N ) of 5.5 K. 19, 20 Doping with rare earth ions produces an itinerant magnet with conduction electrons residing in the Ti d-states. 21 Its AHE exhibits a sign change at a critical carrier density. 22 Recently, the THE was observed in Sm-doped EuTiO 3 films, 23 suggesting a chiral spin texture.
Here, we show that the sign of both Hall effects is controlled by doping and intimately coupled to the appearance of other field-induced phenomena, in particular, metamagnetic transitions. 23 Films were doped with different amounts of Sm to obtain Hall carrier densities at room temperature (n RT ) of 1.2 × 10 20 cm 3 , 3.4 × 10 20 cm 3 , 6.5 × 10 20 cm 3 , and 8.7 × 10 20 cm 3 , respectively, unless stated otherwise. The Hall mobilities of these films at 2 K were 97 cm 2 /V s, 167 cm 2 /V s, 34 cm 2 /V s, and 20 cm 2 /V s, respectively. Thicker (100 nm) films showed 2 K mobilities up to 220 cm 2 /V s. Electron beam evaporation through a shadow mask was used to deposit Au/Ti (400/40 nm) contacts for Hall and resistance measurements using square Van der Pauw structures. Magnetotransport measurements as a function of temperature were carried out using a Quantum Design Physical Property Measurement System (PPMS). Magnetic properties were measured using a Quantum Design superconducting quantum interface device (SQUID) magnetometer. While the stoichiometric EuTiO 3 film is highly resistive, the Sm-doped films are metallic down to liquid helium temperature (see the supplementary material).
Neutron diffraction measurements on thicker (100 nm) EuTiO 3 films were performed using the triple-axis spectrometer (BT-7 at the NIST Center for Neutron Research 24 ). Measurements were taken with the initial and final neutron energies of 14.7 meV (wavelength 2.359 Å) fixed with a pyrolitic graphite (PG) monochromator and analyzer. One PG filter was placed before the sample and two after the sample, and the collimator configuration was open-50 -50 -120 before the monochromator, sample, analyzer, and single detector, respectively. Samples were oriented in the [h 0 l] scattering plane and mounted within a closed cycle refrigerator. A tetragonal unit cell is used to reference the EuTiO 3 unit cell in the neutron measurements. Uncertainties indicated represent one standard deviation in the data.
Density functional theory (DFT) calculations were carried out using the VASP code (VASP) 25 within the projected augmented wave method. 26 The general gradient approximation (GGA) using the PBEsol parameterization 27 was adopted for the exchange-correlation potential with an on-site Coulomb interaction added to the localized Eu 4f bands in the DFT + U approach. 28 The values of on-site Coulomb interaction parameters were set to U = 8.0 eV and J = 1.0 eV. This approach corrects the position of the Eu 4f band with respect to the Ti 3d band. For all calculations, we used a plane-wave basis set with an energy cutoff of 550.0 eV. Integrations over the Brillouin zone were performed using 7 × 7 × 5 Monkhorst-Pack k-point mesh, and the structures were fully relaxed until the forces on each atom were less than 0.005 eV/A and total energy differences between consecutive steps were less than 10 7 eV.
All samples, independent of their carrier density, showed an upturn in the longitudinal resistance (R xx ) at ∼20 K, with a peak at ∼6 K, signifying the transition to long-range magnetic order (see the supplementary material). Notably, the transition temperature is close to T N of stoichiometric EuTiO 3 and decreases only slightly with carrier density. This is also confirmed by the neutron diffraction data, shown in Fig Figure 2 shows the longitudinal resistance, R xx , as a function of the out-of-plane magnetic field (B) at 2 K, 5 K, 10 K, and 15 K, respectively. Here, B was swept from +6 T to 6 T and back. The film with the highest carrier density (n RT = 8.7 × 10 20 cm 3 ) shows negative magnetoresistance below the transition temperature and hysteresis, consistent with previous studies. [21] [22] [23] The hysteresis is reduced for the sample with n RT = 6.5 × 10 20 cm 3 and disappears completely for the samples with lower carrier densities, n RT = 3.4 × 10 20 cm 3 and n RT = 1.2 × 10 20 cm 3 , respectively. Furthermore, the low-temperature magnetoresistance behavior of the low doped samples is also completely different. These samples exhibit pronounced positive magnetoresistance at low B (<3 T), followed by an abrupt change to negative magnetoresistance at higher B. This indicates an abrupt, magnetic-field-induced transition to a new magnetic state in these samples. The positive magnetoresistance, although weaker, is still present even with B in-plane (see the supplementary material). Although the magnetoresistance does not show hysteresis, a small magnetization can be detected upon field cooling the film with n RT = 3.4 × 10 20 cm 3 , as shown in Fig. 3(a) , which also shows a small hysteresis at 2 K [ Fig. 3(b) ]. . Figure 4 shows the AHE and THE contributions to the Hall resistance (R xy ) for the films with different carrier concentrations at T = 2 K. The raw data were antisymmetrized to eliminate the longitudinal magnetoresistance contribution, i.e., R xy = R xy raw (+B) − R xy raw (−B) /2. In the presence of an AHE and/or a THE, R xy is given by R xy = R 0 H + R AHE + R THE , where R AHE and R THE are the AHE and THE contributions, respectively. 12 Linear fits at high B (6 T-9 T) yield the ordinary Hall component (R 0 B), which was subtracted from the data shown in Fig. 4 . The monotonic contribution that extrapolates to zero at a low temperature is the AHE. A non-monotonic contribution is apparent as peaks or valleys and resembles a THE. 3 The lowest doped sample with n RT = 1. downward sweep) is near the field at which the closure of the hysteresis is seen in the magnetoresistance data (Fig. 2) . The second, more pronounced peak at ∼2 T has no corresponding feature in the magnetoresistance.
We next discuss the results. As a function of carrier density, the films transition from a low magnetization state to a higher magnetization state, displaying signatures, such as a small hysteresis, of a canted antiferromagnet. Beyond that, however, there are relatively little changes in terms of the magnetic state in the absence of a magnetic field. Doped EuTiO 3 thus joins a growing list of antiferromagnets that exhibit spontaneous Hall effects even though they have only a small net magnetization, 15, 29 consistent with the Berry phase origin and indicative of a non-collinear spin arrangement. [9] [10] [11] 30 In contrast to the nearly doping insensitive T N , dramatic differences exist in the magnetotransport behavior under applied magnetic fields and, here, the response critically depends on the carrier density (position of the Fermi level). They include sign changes in the spontaneous Hall effects and the (dis)appearance of the metamagnetic transition (sign change in the magnetoresistance). These responses do not gradually evolve with carrier density but rather exhibit a cross-over behavior at a carrier density of 4-5 × 10 20 cm 3 . We note that these changes in the Hall effect are due to the intrinsic, Berry phase contribution. While the longitudinal conductivity changes drastically as a function of carrier concentration (∼10 4 -10 5 Ω 1 cm 1 ), the magnitude of the Hall conductivity remains fairly constant (∼10 3 Ω 1 cm 1 ) (see the supplementary material). A weak dependence of the Hall conductivity on the longitudinal conductivity is a hallmark of intrinsic dissipationless topological Berry curvature contribution. 31 A sign change in the intrinsic AHE with doping is known to be a signature of the Fermi level crossing a Weyl node. 7 Indeed, DFT calculations of band structures of electron-doped, ferromagnetic EuTiO 3 (Fig. 5) show band crossings that indicate the presence of Weyl points in the conduction band. For instance, a Ti-3d conduction band with spin-up crosses another Ti-3d conduction-band with spin-down at ∼24% along the Γ-X (in-plane) direction, in a spin-momentum locked configuration. Changing the electron density from 3.4 × 10 20 to 6.2 × 10 20 cm 3 , where we observe the crossover in the magnetic characteristics and the sign changes in the Hall effects, is predicted in these calculations to result in the Fermi level located near this crossing point. Such crossings give large contributions to the Berry curvature in k-space and to the intrinsic anomalous Hall conductivity, 3, 7, 32 explaining the experimental observations.
The present results thus link the presence of a Weyl point to the presence of a field-induced magnetic transition. High carrier density films (Fermi level above the Weyl point) display only negative magnetoresistance. The latter is typical of scattering of itinerant electrons from localized spins, which reduces as the spins align in the magnetic field. 21 This indicates that in these films, the magnetic field only gradually drives a non-collinear spin structure toward a more collinear one. Films with low carrier densities, however, exhibit a metamagnetic transition. The interpretation of a metamagnetic transition is supported by a sharp transition from positive to negative magnetoresistance at the same field that causes the non-monotonic contribution to the Hall effect to vanish. We note that the positive magnetoresistance is strongly associated with the magnetic order at low carrier densities since it only appears below T N . While metamagnetic transitions are often associated with the Fermi level being located near a singularity in the density of states and a Lifshitz transition of the Fermi surface, 33, 34 the presence of a Weyl point in an antiferromagnetic material presents an alternative mechanism. In particular, as the magnetic field reorients the spins, it can modify the band topology 35 and thereby affect the Hall and magnetotransport. In general, Lifshitz transitions can give rise to magnetic-field-tuned quantum criticality 36, 37 and signatures of this might appear in transport. Here, we have analyzed the A-parameter, which characterizes the amplitude of the temperature dependent part of the electrical resistance and which is proportional to the effective mass. 38 This A-parameter is enhanced near the magnetic field-induced transition of the sample with n RT = 3.4 × 10 20 cm 3 (see the supplementary material). Mass enhancement is a signature of a quantum critical point. 38 Finally, we comment on the sign change in the non-monotonous spontaneous Hall effect. A THE is a signature of the real space Berry phase due to a non-coplanar spin texture, 17 but, in practice, the THE and AHE might be difficult to distinguish. 35 It is clear, however, that this signal vanishes as the magnetic field aligns the spins into a collinear configuration and that it is still present even in the samples were the magnetoresistance does not show the abrupt transition with the magnetic field. These findings support the interpretation in terms of a THE. A sign change then indicates a change in the spin chirality, 39 suggesting an interesting connection to the specifics of the band topology.
In summary, doped, itinerant EuTiO 3 is proving to be a highly tunable system to investigate the relationship between Weyl points, spontaneous Hall effects, and novel, magnetic field driven transitions. Theoretical studies of these transitions, and how they are associated with changes in the spin alignments and how they contribute to the magnetotransport, will be required for a complete understanding of the results reported here and should be an interesting contribution to the emerging field of topological antiferromagnetic spintronics. 35 See supplementary material for an analysis of the Hall and longitudinal conductivities with doping, sheet resistances as a function of temperature and magnetic field and magnetic field orientation, Hall carrier densities data as a function of temperature, and an analysis of the temperature coefficient (A-parameter) of the electrical resistance.
